governed by the free energy barrier, which corresponds to the energy required to generate a critical nucleus. Visible and stable crystals undergo a pre-nucleation stage 16 due to cluster fluctuations, critical nuclei generation, and subsequent growth of nuclei. Clusters, which are widely thought to be the origin of 30 nucleation or crystal birth, 16 have been observed experimentally. 13, [17] [18] [19] These pre-nucleation clusters are often observed during precipitation of crystalline calcium carbonate. Initially formed ACC is a transient phase, which is subsequently transformed into 35 more stable crystalline polymorphs according to Ostwald's rule. 16 Because the transformation of ACC into crystalline calcium carbonate depends on the thermodynamic equilibrium, the thermal history 20, 21 and the water content 22 have been investigated to determine the kinetics and mechanism of the ACC 40 transformation. Rodriguez-Blanco et al. have proposed a twostage crystallization process in an aqueous solution 23 ; in the first stage, rapid dehydration of ACC forms the vaterite phase, whereas dissolution of vaterite and subsequent reprecipitation forms calcite. That is, by tuning the ACC stability, crystallization 45 of calcium carbonate can be controlled. 10, 24, 25 For example, to obtain stable vaterite, several additives (e.g., ethanol, 26 dopamine, 27 dendrimers, 28, 29 poly acrylic acid, 30 and mesoporous silica 31 ) have been studied to prevent the phase transformation into calcite. In addition to polymorphic considerations, the 50 formation of pores in calcium carbonate crystals has advanced. Porous calcium carbonate is produced mainly via heterogeneous nucleation on templates. [32] [33] [34] [35] Here we report a scalable production strategy for mesoporous calcium carbonate that controls the polymorphs. Mechanical 55 stirring accelerates the incorporation of pores via collisions of colloid particles. Applications of mechanical stirring to the colloidal dispersion confirm that an energy-induced phase transformation can convert ACC to vaterite or calcite. We prepared a transparent colloidal dispersion, which is a 60 precursor for porous calcium carbonate (see ESI †). Slight mechanical stirring during the pre-aging process affects the aggregation route of the colloid particles. Without agitation, the transparent supernatant requires one-month to become a cloudy sol, but mixing reduces the transformation time. For example, the 65 cloudy sol is obtained two days after stirring the dispersion for 24 hours. These observations suggest that agitation accelerates nanoparticle collisions, 36 resulting in organization of porous calcium carbonate particles in a shorter amount of time. We initially characterized the transparent colloidal dispersion. ). The solid fraction calculated from the weight loss of the dispersion using TG-DTA is 0.57±0.03 mass% (indicating a stoichiometric yield of 84±5%). Mechanical stirring for a predetermined time results in rapid aggregation of the colloid particles. 25 Next we investigated the particle properties of porous calcium carbonate. The peak positions of the XRD profiles correspond to those of the calcite (ICDD#05-0586) and/or vaterite (ICDD#33-0268) phase for all samples (Fig. 1 ). Diffraction indicates that the calcite phase is formed without stirring the colloidal dispersion 30 ( Fig. 1a ). When pre-aging is carried out, the amount of the vaterite increases with stirring time (Fig. 1b ). Only the vaterite phase is detected after stirring for 24 hours, indicating that the calcite phase completely disappears ( Fig. 1c ).
Regardless of the phase, all the profile peaks are relatively weak 35 and broad, suggesting a small crystallite size. The crystallite size of porous calcium carbonate was calculated from the full width at half maximum (FWHM) of the corrected diffraction profile. A Pseudo-Voigt fitting was conducted to obtain the FWHM for the (104) calcite diffraction. If the precursor dispersion is not agitated 40 during the pre-aging treatment, the crystallite size is 13 nm for (104) calcite, which is close to the colloid particle size of the DLS median (19.5 nm), indicating that pores may form between the aggregated primary particles. Figure 2 shows the specific surface area, average pore size, and 45 ratio of vaterite to calcite crystal (f V ) as functions of stirring time. f V was calculated using Rao's equation 37 We have previously reported a self-assembly route for porous calcium carbonate, which is associated with the phase transformation from ACC to calcite and/or vaterite, and 80 demonstrated the effect of aging temperature on the morphology of porous calcium carbonate (i.e., thermal energy leads to Brownian aggregation of the colloid particles). 38 Consequently, the colloid aggregates form more preferred structures due to the reduced surface free energy. 39 85 The solubility of calcium carbonate is crucial for the transformation. 38, 40 The FTIR spectra (see ESI †, Fig. S2 ) and XRD (see ESI †, Fig. S3 ) suggest that ACCs are dispersed in an organic solvent mixture as well as contained in mesoporous calcium carbonate particles. Although the carbonation process in 90 this study contains little water, it stoichiometrically produces equimolar amounts of water and calcium carbonate. To obtain the calcite phase of mesoporous calcium carbonate, a long aging process (one month) is required. During the aging treatment, dissolution of the vaterite and subsequent reprecipitation forms 95 calcite. The FTIR studies reveal that ethylene glycol remains on the surface (see ESI †, Fig. S2 ), which may prevent vaterite dissolution and calcite transformation. Thus, the water content in the transparent supernatant (colloidal dispersion) should play an important role in the polymorphs. 100 We also added water (1.0-10.0 mass%) to the colloidal dispersion (9:1-100:1 by the molar ratio of water and calcium carbonate). After 24 hours of agitation and a subsequent aging treatment, the ratio of vaterite phase was determined. As shown in Fig. 3 41, 42 To investigate the true role of stirring in the system, we examined the influences of stirring rate and stirring method on the polymorphs using two different stirring rates (10 and 300 rpm) and a reciprocal shaker (100 rpm), respectively. Figure 2c Figure 3 . Effect of water addition on the ratio of the vaterite phase. Water (1.0-10.0 mass%) is added to the colloidal dispersion (corresponding to 9:1-100:1 by molar ratio of water and calcium carbonate) before agitation for 24-hours and a subsequent aging treatment. 20 compared to 300-rpm stirring, only the vaterite phase (f V =1.0) is obtained after stirring for 24 hours. The agitation Reynolds number (Re) for 10 (300) rpm stirring rate is 140 (4000) (Re=ρ·n·d 2 /µ, where ρ=900 kg/m 3 is the density of dispersion, 25 n=1.7×10 -1 (5.0) s -1 for a stirring rate of 10 (300) rpm, d=5.0×10 -2 m is the impeller diameter, and µ=2.78×10 -3 Pa·s is the viscosity of the colloidal dispersion). Although the pre-aging treatment was conducted in the laminar and turbulent flow, this range of stirring has a negligible effect on the kinetics of vaterite formation. The 30 required time to obtain the vaterite phase is the same, indicating that the transformation of ACC to the vaterite phase is accomplished by adding an imperceptible but continuous energy fluctuation from the agitation impeller to the precursor colloids. Although more than 12 hours of stirring is necessary to produce 35 the vaterite phase, the crystalline phase transformation requires less time (minutes or hours). 23, 31 Shaking the colloidal dispersion using a reciprocal shaker at 100 rpm yields only the calcite phase after 24 hours (see Fig. 2 (c) and ESI †, Fig. S4 ).
In the future, we should examine the density of water molecules 40 around the colloids because the water addition tests suggest that dissolution and reprecipitation may occur during the pre-aging treatment. The effects of the flow condition and water content on the polymorphic transformation need to be further investigated. As mentioned above, the FTIR spectra demonstrate mesoporous 45 calcium carbonate particles include ACCs (see ESI †, Fig. S2) . ACC typically has a high specific surface area with 140-160 m 2 /g 43 and 100-300 m 2 /g 44 . Thus, the high specific surface area (148±22 m 2 /g) of the mesoporous calcium carbonate is due to the ACC in its structure. Although the actual particle size from the 50 SEM images in Fig. 4 differs from its crystallite size (13 nm for calcite (104) and 10 nm for vaterite (112)), the calculated equivalent diameter is 14-24 nm, which is consistent with the crystallite size. The equivalent spherical diameter is equal to 6/(ρ p ×SSA), where ρ p =2000-2500 kg/m 3 is the density of ACC 44 55 and SSA=148±22 m 2 /g is the specific surface area from the BET measurement. The pores in mesoporous calcium carbonate are formed by void spaces between the primary particles. To investigate the effect of mechanical stirring on the transition period, we conducted an experiment where the sample was stirred at 10 rpm or shaken at 100 rpm. The time required for the only vaterite phase to appear is at about the same (24 hours stirring) regardless of the stirring rate (10 or 300 rpm). However, shaking 105 did not produce the vaterite phase, indicating that the flow condition is crucial in the transformation of metastable vaterite to stable calcite. These findings suggest that porous calcium carbonate may be a promising adsorbent material because the vaterite structure can easily adsorb formaldehyde. 38 110
Conclusions
This study demonstrates the production method for mesoporous calcium carbonate for two individual polymorphs: vaterite and calcite. The influence of mechanical stirring on the polymorphic Additional amount of water [mass%] transformation was investigated. Applying continuous agitation into the colloidal intermediate dispersion forms pores in the crystal via organization of the colloid particles. The mechanical stirring time influences not only the polymorphs, but also the rate of organization. The water content in the colloidal dispersion 5 plays a crucial role in the transformation from vaterite to calcite.
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